Abstract. A brief introduction to the ABINIT software package is given. Available under a free software license, it allows to compute directly a large set of properties useful for solid state studies, including structural and elastic properties, prediction of phase (meta)stability or instability, specific heat and free energy, spectroscopic and vibrational properties. These are described, and corresponding applications are presented. The emphasis is also laid on its ease of use and extensive documentation, allowing newcomers to quickly step in.
Introduction
The ABINIT software project started in 1997. The initial goal was the delivery, under a Free Software license, of a software package for the ab initio study of material properties. Such a license had been crucial to the success of the Linux Operating System, and we felt that the community of material scientists would appreciate a similar project.
The first publicly available version of ABINIT was released in December 2000. Since then, the developers community has grown from a dozen early enthusiasts, to about fifty people. The user community, about ten times larger, has grown at about the same rate.
Because of its large developer group, the computational capabilities of ABINIT cover a wide spectrum of properties: computation of equilibrium cell parameters and atomic positions, vibrational properties (for infra-red and Raman analysis), prediction of phase (meta)stability or instability, elastic properties, dielectric and piezoelectric properties, non-linear optical properties, thermodynamic behaviour (entropy, free energy, specific heat), electronic properties (metal/insulator characterization), magnetic properties, space group analysis . . .
However, ABINIT is also especially interesting because of its ease of use and its accompanying high-level documentation: the user's point of view has been at the center of the project since the beginning. Indeed, developers are also users or lecturers, and many of them have taken time to improve ABINIT in order to make their own life easier.
In the next section, the theoretical framework will be briefly presented, the capabilities of ABINIT will be illustrated, and the properties accessible directly by ABINIT will be described. The user's point of view will be developed in the third section, where the availability of ABI-NIT will also be described. Due to space limitations and the focused interest of this presentation, we will not attempt to describe the software engineering techniques used in ABINIT, or to analyse ABINIT parallelism and performances. Also, some capabilities of ABINIT, less relevant for crystallographic and mineralogical studies, have been omitted. To complete the present paper, the interested reader might consult an earlier description of the project [1] , visit the Web site [2], or examine recent selected papers [3] [4] [5] [6] [7] [8] [9] [10] .
Properties and applications

The underlying theoretical framework
ABINIT's main program is mostly based on Density Functional Theory (DFT) [11, 12] . For response functions, like vibrations, dielectric or piezoelectric properties, the specialized version of DFT, the Density Functional Perturbation Theory [13] [14] [15] [16] [17] has been implemented, providing efficiency and ease of use. See the special review article on lattice dynamics of crystals and related properties, in the present issue [18] . These two aspects of DFT provide the core of ABINIT's capabilities. However, for selected electronic properties, in particular the prediction of electronic band gaps (and the metallic or insulating character), Density Functional Theory is notoriously unreliable. In ABI-NIT, such electronic properties can be computed accurately thanks to an implementation of the many-body perturbation theory, the so-called "GW approximation" [19] . We will now focus on DFT, leaving the description of GW to subsection 2.3.
Density Functional Theory, which is in principle exact, must be approximated to give a tractable scheme. Different approximations to the exchange-correlation energy functional have been implemented, including different flavors of the Local Density Approximation and Generalized Gradient Approximation [1] . With such approximations, bond lengths and angles are generally predicted within a few percent.
ABINIT is based on a plane-wave expansion of the electronic wavefunctions, with a periodic representation of the system in a box under periodic boundary conditions. This representation is especially suitable for crystal studies: the box is taken as the primitive unit cell. Taking a non-primitive cell (or super-cell) allows the study of systems in which the translational symmetry is reduced. Thus, one can address trace elements, crystal defects, interfaces and, as soon as images of the system in the neighboring supercell are sufficiently far from each other, surfaces, or systems placed in vacuum. To give some idea of the size of allowed systems, let us mention that ABINIT has been used for testing purposes up to 250 atoms, while most routine ABINIT DFT studies do not exceed 50 atoms, and even, in the case of the more demanding GW studies, not even a dozen atoms.
Pseudopotentials allow one to remove the explicit treatment of core electrons, and to focus on the formation of the bonds and response properties of the valence electrons. ABI-NIT has an extensive library of norm-conserving pseudopotentials, for the whole periodic table. Recently, the projector-augmented wave technique [20] has been implemented.
Metals as well as insulators can be readily studied: grids of wavevectors needed to sample the electronic contributions to the density in the Brillouin zone are automatically generated. For metals, different smearing schemes allow to keep the number of such wavevectors reasonably small. Magnetism is properly dealt with: ferromagnetic as well as anti-ferromagnetic materials are as accessible as non-magnetic ones. Calculations including spin-orbit coupling and non-collinear magnetism are also possible.
Atomic geometry
For a given geometry, ABINIT is able to compute analytically the forces on atoms and stresses on the cell. Such information allows one to start the optimization of atomic positions and unit cell parameters: new trial geometries are generated, for which the corresponding forces and stresses are evaluated. Based on the repetition of this basic step, different algorithms are available to optimize the geometry [1] . After a few dozen iterations, in general, the requirements on the residual forces and stresses, as defined by the users, are met, and the geometry is considered converged. As mentioned previously, the typical accuracy on such geometry parameters is on the order of a few percent.
In some cases, the user is interested in the classical dynamics of its system: ABINIT can rely on a Nosé thermostat to sample the canonical ensemble and simulate the behavior of the system at different temperatures (liquid state, generation of amorphous state . . .). Sometimes, the user will want to explore the extremely large space of possible atomic configurations (including large atomic rearrangements). The Langevin dynamics provides an interesting methodology for such studies [1] .
In the treatment of the crystalline state, symmetries play an important role. In ABINIT, a database of the 230 (Fedorov) space groups and the 1191 (Shubnikov) magnetic groups has been set up. Thanks to this database, different operations can be performed: reconstruction of the atomic coordinates in the full primitive cell from its irreducible part, identification of the space group if all atomic coordinates are given, automatic determination of the symmetry operations. This database follows the conventions used in the International Tables for Crystallography.
Electronic properties
Electronic charge densities are one basic output of DFT. In ABINIT, because of the use of pseudopotentials, one focuses on valence charge densities, the core electrons being assumed frozen. In the interstitial or bonding regions, such a charge density is quite accurate, while close to the nucleus, the modifications due to pseudopotentials should not be forgotten.
As already mentioned, the use of DFT to predict the band structure is questionable, and should therefore be restricted to qualitative analyses. This is particularly critical for the investigation of the metallic/insulator behavior, or the quantitative prediction of the band gap (the so-called "band gap problem" of DFT).
The GW methodology, on the contrary, is generally able to achieve a very satisfactory description of the band structure and their band gaps, with typical discrepancy less than 0.2 eV with respect to the experimental data. A GW calculation has to be performed for a fixed geometry (preferably the optimized one, or the experimental one), after a DFT calculation has already been performed (DFT electronic wavefunctions are needed), in a separate module of ABINIT.
Other electronic properties are available: electronic Density-Of-States, its projection on atomic states, Bader charges, Hirshfeld charges.
Vibrational, dielectric, elastic and thermodynamic properties
Thanks to the Density Functional Perturbation Theory, ABINIT can address directly the computation of linear and non-linear responses of the crystal to three types of perturbations: applied electric fields, applied strains, and internal atomic displacements. This is especially useful for the study of minerals, since the physical properties linked to such responses are numerous. Moreover, the implementation is valid for any type of symmetry, providing full tensors when needed. Let us review them. Based on the linear responses (taking mixed perturbations into account), one can address the direct computation of the optical dielectric tensor, the static dielectric tensor, the elastic tensor (i.e. the 21 components in the triclinic case), the piezoelectric tensor, the Born effective (or dynamical) charges, the interatomic force constants, the dynamical matrices. From such data, the full vibrational spectrum (phonon band structure) can be computed. As a byproduct, one can obtain easily the infra-red spectrum (e.g. reflectivity), the frequencies of all the vibrational modes (Raman-active, infra-red active, or silent), the identification of LO and TO modes. More information on the capabilities opened by the availability of linear responses and the computational load of such calculations can be found in the review article on lattice dynamics of crystals, in the present issue [18] .
Let us briefly exemplify such an application for a sorosilicate, the mineral a akermanite, Ca 2 MgSi 2 O 7 [7] . Figure 1 shows the frequencies of computed zone-center vibrational modes and the measured Raman spectrum. There are many more theoretically predicted modes than the observed ones: Raman intensities might be small, or even vanish (due to symmetry reasons). The first-principles calculations allowed us to perform for each mode a detailed analysis of the associated displacement pattern, character and symmetry, and thus to interpret the experimental data. The phonon band structure proves to be a very effective tool for the study of stability of minerals. Indeed, if all the vibrational modes of a crystal are associated with a positive eigenvalue of the dynamical matrix, all the collective displacements of the atoms, or change of unit cells, increase the energy. Hence, the crystal is stable against all possible infinitesimal collective changes of its structure: an energy barrier separates this phase from other possible energetically favored phases. The full phonon band structure provides a unique and complete characterization of the (meta) stability of a phase. Examples of such phonon band structure computed with ABINIT can be found in the review article on incommensurate phases [21] , and in the one presenting lattice dynamical properties of minerals [18] , both in the present issue.
As a further step, the vibrational data can be used to characterize crystal thermodynamics at different temperatures, in the quasi-harmonic approximation: there is a direct link between the phonon band structure and thermodynamic data, such as entropy, specific heat and free energy [22] . Thus, the free energy of different phases can be compared, and P-T diagrams can be deduced. See for example Ref. [10] , especially Fig. 2(b) , or the above-mentioned review on lattice dynamical properties of minerals [18] .
Finally, some non-linear responses are also available from ABINIT such as non-linear optical susceptibilities, electrooptic tensors and Raman efficiencies. The latter property is the most important one for mineralogy studies and is directly helpful to analyze the phonon spectrum.
The user's point of view 3.1 Code availability
ABINIT is available under the GNU General Public License (GPL), often referred to as a "Copyleft". Under this licensing scheme [23], the user receives four freedoms: (i) unlimited use of the package for any purpose; (ii) the freedom to study the sources and modify them to match his/ her needs; (iii) the freedom to copy the package; (iv) the freedom to distribute modified versions, if they are properly advertised as such. The license also protects these four freedoms by requiring that they must come with any transmitted copy of the program. Such a policy is especially valuable when the group of developers is large and there is a desire to let everybody benefit from and contribute to the project, which is the case with the ABINIT project. In practice, the source code of different versions of ABI-NIT (including the most recent ones) can be downloaded straightforwardly from the Web site [2], as well as the executables for many different platforms, as described now.
Code portability
Because the developers work on a variety of platforms (hardware/compiler), ABINIT has acquired a rather large portability. This is achieved through machine-dependent pre-processing, and a large set of automatic tests (more than 400 by now), that are used to check the correct execution on each platform. These tests can as well be used as a library of examples, to help the beginners to set up their input files.
Over the years, ABINIT has been installed on the following platforms: PC under Linux (with 4 different compilers), PC under Windows OS, Itanium 2, Opteron, Macintosh (OS X), Compaq/DEC alpha stations, HP, Sun, IBM, SGI Origin, NEC, Fujitsu, Hitachi, CRAY T3E. Corresponding executable codes are available on the Web site. The parallel version of ABINIT is available for most of these platforms as well (in particular, ABINIT is often used with PC clusters, but it has also been used on the largest computer in Europe, owned by the Commissariat à l'Energie Atomique).
The tutorials
Guided by the Web site, a newcomer will be able to learn how to use the basic functionalities of ABINIT without external help. At the heart of the beginner self-learning capabilities provided by ABINIT, one finds a set of six tutorials that have been designed precisely for this purpose, and have been found very effective worldwide: they are actually used in more than a dozen institutions, in solid-state physics lectures for undergraduate or graduate students. The tutorials cover all basic geometry optimization concepts, as well as the computation of response functions (at the most basic level) and the GW module of ABINIT.
The documentation
Beyond the tutorial, the documentation provided in the package is extensive. There are different manuals for the main program and the utilities, all available on the Web. The complete list of input variables is also provided on the Web, as well as the source of the program (with hyperlinks between different routines, allowing the sources to be browsed easily). Some complements to the theoretical formulations published in the literature are available in T E X format. Finally, the set of input files for the automatic tests, mentioned in Sec. 3.2, provides an outstanding source of documentation for the user: all the possible usages of ABINIT correspond to at least one example file.
3.5 A few words about the future . . .
ABINIT being an open software project, relying on the good will of many different people, it is quite hard to make predictions about its evolution, beyond things that are presently under development. As a follow-up of current development axes, more physical properties will be implemented. In particular, the computation of frequency-dependent linear and non-linear optical properties of crystals, as well as the prediction of properties based on electron-phonon coupling (like superconductivity, electrical resistivity, phonon lifetime . . .) should be available in the next ABINIT release (ABINITv4.4) . In a few year time, it seems reasonable to think that ABINIT will also be able to compute more thermodynamic properties, like the thermal expansion, or the thermal conductivity, Finally, one can bet that further improvements will concern the speed (better convergence algorithms, better parallelization), the robustness, the interchange of data with other codes (pseudopotential files, density files, wavefunction files . . .).
